Summary: The human cochlea has been preserved from post-mortem autolysis by perfusion with a fixative shortly after death. Subsequent staining with osmium permits dissection of this structure from the temporal bone. (Temporal bones were obtained from eight patients). When prepared for examination in the scanning electron microscope, the auditory sensory cells are found to be located in the band-like organ of Corti which extends the length of the cochlea. The sensory cells have a cluster of stereocilia projecting from their free upper surface and because of this are called hair cells. The hair cells are divided into two separate groups: a single row of inner hair cells, which show little variation in their surface appearance along the length of the cochlea, and three or four rows of outer hair cells whose cilia change in conformation and increase in length along the cochlea.
Introduction
Studying the structure of the inner ear has always provided a challenge because of its complexity and its position deep in the petrous temporal bone. As new techniques have become available so different aspects of cochlear anatomy have been described. For most of this century a human temporal bone would have been decalcified, embedded and then sectioned -the sections being examined with the light or, more recently, the transmission electron microscope. Unfortunately, whole organ sections tend to restrict the appreciation of the three-dimensional nature of the cochlea, especially at the higher magnifications available with the electron microscope. A three-dimensional appreciation of the cochlea is very helpful in understanding the physiology of hearing and in assessing the extent of pathological change. During the last twenty years the technique of dissecting the cochlea out of its bony shell, a method frequently used in the last century, has been revived. The surface of the sensory cell region (the organ of Corti) can now be studied with the light or phase contrast microscope and more recently with the scanning electron microscope. This development has added a new dimension by virtue of the greatly increased magnification and depth of focus that is. available. Unfortunately the increasing power of the electron microscope makes artefacts more obvious, and the changes due to post-mortem autolysis, which can be eliminated in animal material by rapid fixation, cause problems in the assessment of human tissue. Animal work using the transmission electron microscope has suggested that the delay between death and fixation should not exceed one hour since artefacts occur which cannot be differentiated from pathological changes (Kimura et al. 1964) .
To overcome this problem, so that the scanning electron microscope could be used to study the surface features of the human organ of Corti, the cochlea has been perfused with a fixative within 40 minutes of death. This paper presents the surface features of the normal human organ of Corti.
Material and methods
The ears for this study came from patients who died from head and neck cancer in the Royal Liverpool Hospital. Before their deaths the patients had normal audiograms as judged by the criteria of Robinson & Sutton (1978) . Temporal 'bones were obtained from eight patients whose ages ranged from 29 to 70 years.
Within 40 minutes of the patient's death a tympanomeatal flap was lifted and the stapes dislocated. The cochlea was perfused with a fixative containing 2% glutaraldehyde and 2.5% formaldehyde in a 1.5 moljl cacodylate buffer. The fixative was perfused using a rightangled cannula inserted in the round window so that it ascended the scala tympani, passed through the helicotreme and then descended via the scala vestibuli, the excess escaping through the oval window. The two windows were then sealed with plasticine. If permission for post-mortem was obtained, the temporal bones were removed and reperfused with the fixative and left for 24 hours. The tissues of the membranous labyrinth .were further fixed and stained with I % osmium tetroxide perfused through the cochlea. The osmium was washed out and the temporal bone dissected until only a fine bony shell remained over the membranous labyrinth. This shell was picked away starting at the apex to reveal the spiral lamina and scala media. Reissner's membrane, the stria vascularis and the tectorial membrane were removed to reveal a half turn of the spiral lamina with the organ of Corti upon it. This half turn was removed and the process repeated until all of the organ of Corti had been dissected. Each segment was dehydrated, critical point dried, coated with gold and palladium and examined in a Jeol 35C scanning electron microscope (SEM).
Results
The dissected cochlea is shown in Figure I and the helicotreme and apical turn of the spiral lamina in Figure 2 . The organ of Corti with the osmium-stained acoustic nerve fibres of the fully dissected apical segment is shown in Figure 3 . When prepared for the SEM, only surface features can be seen. The ridge of the organ of Corti and the edge of the spiral limbus (from which the tectorial membrane has been removed) can now be seen (Figure 4) . At a higher magnification these features are more clear ( Figure 5 ). Tilting the specimen so that the end of the organ of Corti comes into view gives an image resembling the more conventional light microscope picture. The sensory cell bodies, the tunnel of Corti and the spaces of Nuel can be seen, as can the fibrous nature of the basilar membrane ( Figure 6 ).
Looking more closely at the surface of the organ of Corti, the sensory cells with clusters of stereocilia projecting from their free surface can be divided into two distinct groups. A single row of inner hair cells (lHC) lies closer to the modiolus than the three or four irregular rows of outer hair cells (OHC) (Figure 7 ). When the outer hair cells are photographed from a different viewpoint the stereocilia projecting from the smooth cuticular plate can be seen to form ranks of increasing length arranged in a V-shaped cluster ( Figure 8 ). These appearances are not, however, constant along the length of the cochlear duct. The longest stereocilia of the outer hair cells at the base of the cochlea are very much shorter (2.75Ilm) than those at the apex (7 urn). There are fewer stereocilia arising from each hair cell at the apex, and the configuration of the stereociliary cluster also changes, as can be seen in Figure 9 . The inner hair cells form a more homogeneous population. Their stereocilia are arranged in straight lines parallel to the long axis of the cochlear duct, and there is less variation in the length of the stereocilia along the cochlea (41lm base to 7.5 urn apex).
The number of hair cells present in each cochlea varies from subject to subject. Unfortunately, hair cell counts could not be obtained from the cochleas of the youngest two patients in this study, but in those whose ages ranged from 54 to 70 there were rarely more than 3000 inner and 9000 outer hair cells.
Discussion
The structure and workings of the inner ear have fascinated anatomists and physicians since early times. Before the decline of Alexandrian and Greek science, had probably noted the shape of the cochlea although modern translations of his 'Historia Animalium' are ambiguous. Some 450 years later Galen (c. AD 131-201) developed his own ideas about the structure and function of the cochlea in 'De Usu Partium'. He thought that the acoustic nerve needed to be protected from the movements of the air which carried the quality of sound. Nature therefore had to strike a balance between protecting the nerve whilst allowing sensitivity in the perception of sound. 'Accordingly therefore she added a dense hard bone and drilled through it with oblique coils like a labyrinth, being careful gradually to dull by intricate deflections the direct force which the cold air would have if the pathway were straight.'
Over the next thousand years virtually no new work concerning the ear was produced. However, in the first half of the fifteenth century the study of anatomy flourished and various descriptions of the ear are to be found. Many are presumably copies of earlier works, as at this time the ossicles had not been described. However, in 1521 Berengario da Carpi, in his massive work 'A Commentary on the Anatomy of Mondinus', produced the following description: 'Within the substance of the aforesaid petrous bone there is in every ear a twisted cavity in which the beating air receives the form of hearing and offers them to the auditory nerve which is spread out into a panniculus'. This 'twisted cavity' could easily be interpreted as being a description of the cochlea were it not for a passage in his publication 'A Short Introduction to Anatomy' that appeared a few years later (Berengario da Carpi 1523). In this the following description is to be found: 'Within this-bone (petrous) is a certain vacuity which is closed by a certain thin, solid panniculus. This panniculus according to some, arises from the auditory nerve. In the aforesaid vacuity which the aforesaid panniculus covers in front, the air is placed; this air receives the form of hearing. The air gives these forms to the auditory nerve dilated into the panninculus (which is called the meninge of the ear). Adjacent to the panniculus within the vacuity lie two little bones fit to be moved by the air with the nearest motion'. The 'twisted cavity' in the first description seems unlikely to be the inner ear as its description is so similar to that of the 'vacuity' (the middle ear) which contains the ossicles.
Andrea Laguna (1535) paints a much more convincing picture, but does not describe the ossicles, and it seems unlikely that he could have dissected the inner ear without finding these. The following description from his work 'Anatomical Procedures' is not dissimilar to that found in Greek writings: 'Each ear has a tortuous labyrinth made intricate with many turns and twists'. Nicola Massa (1536) provides instruction on how to observe the ossicles by removing bone from the floor of the middle cranial fossa, thereby opening up the middle and inner ears. He goes on to say: 'Examine carefully the windings of the inner bone for you will see a nerve that passes through the substance of the bone to the eardrum'. Massa therefore appears to have been one of the first to have convincingly and clearly made the distinction between the middle and inner ear.
In 1537, at the age of 23, Vesalius became professor of anatomy at Padua. He did not appear to be so well acquainted with anatomy of the ear as did some of his predecessors, describing only an inner circle, the outer circle being the tympanic membrane (Vesalius 1550). In the illustration of the temporal bone taken from the 1725 edition of 'De Corporis Humani Fabrica' (Figure 10 ) the cochlea is not at all obvious. A few years after Vesalius, Eustachius (1563) depicted the cochlea and semicircular canals that had been described by Fallopius in 1561. (Figure 11 is taken from the 1714 edition of Eustachius and clearly shows these structures.) Duverney in 1683 was able to describe the bony labyrinth in more detail. He depicted the spiral lamina which he describes quite clearly as dividing the spiral duct into an upper and lower compartment and of having a bony and a membranous portion (Figure 12 ; Duverney 1730). Valsalva (1717) was able to draw the labyrinth more clearly but added nothing to the work of Duverney. He may even have caused some confusion since in one of his diagrams the labyrinth is upside down and has only one and a half turns (Figure 13 ). In the latter half of the eighteenth century many workers added pieces of information, especially Comparetti, Cuvier, Scarpa and Sommering, and this body of work was brought together by Breschet (1836) who added his own observation from 20 years of dissection. A membranous labyrinth had been described but was restricted to the semicircular canals and vestibule. The cochlea was still divided into only two compartments: Mid-modiolar section of the cochlea shows the helicotreme and the spiral lamina but no scala media a 'Rampe Vestibulaire' and a 'Rampe Tympanique', The outstanding quality of Breschet's work is shown in Figure 14 .
Although the gross anatomy of the cochlea had been carefully described by the first half of the nineteenth century, further advances had to await the development of compound microscopes free from the more serious lens aberrations. This happened in the half century from 1840-90. Alphonse Corti (1851) started the development of modem anatomy with his painstaking description of the cochlea, and although it appears that the membrane subsequently discovered by Reissner had collapsed to cover the tectorial membrane and sensory cell area, Corti nevertheless was able to describe and measure the sensory cells which subsequently became called hair cells (Figure 15 ). Reissner (1854) described the membrane that formed the boundary of a separate compartment -the scala media; which contained the Figure 16 . Cross-section of the cochlear duct as depicted by Retzius (1884). Reissner's membrane (rnr), tectorial membrane (me) and the organ of Corti are shown; the stria vascularis on the lateral wall of the scala media is well defined sensory cells of Corti's organ; and by 1884 Retzius had thoroughly investigated and accurately described the structures of the inner ears of many species, induding man. The quality of his work is remarkable and at a light microscopic level little has been added over the last 100 years (Figure 16 ).
During the first half of the twentieth century most microscopic studies of the cochlea were performed with temporal bone sections. The advent of the transmission electron microscope (TEM), with its greater magnification and higher resolution, resulted in modifications to preparative techniques so that the cochlea could be studied in more detail. However, the price to be paid for higher magnification is a loss of three-dimensional anatomy unless serial sections are studied and the whole 'reconstructed. This is a daunting task that few have attempted (Spoendlin 1979) . In the 1950s various groups, especially that of Engstrom and colleagues (1966) , redeveloped the techniques used in the last century, whereby the cochlea was dissected and the surface examined by light microscopy.
The development of the scanning electron microscope (SEM), which enables surface features to be examined at high magnification with a great depth of field, has extended the value of these surface preparations. But when the higher magnifications of the electron microscope are used, the artefacts resulting from post-mortem autolysis make the study of human material particularly difficult. Corti (1851) commented in the notes to his article that he was unfortunately unable to obtain human tissue in a state as fresh as animal material -a problem that remains to this day. In the present study this difficulty has been overcome by perfusing the cochlea with a fixative shortly after death. The surface preparations of wellfixed tissue can provide information that is difficult to obtain from the more conventional temporal bone sections. The general anatomy of the cochlea and organ of Corti is easier to understand from scanning electron micrographs and, in addition, the hair cells can be counted directly and their distribution plotted in the form of a cytocochleogram (Wright 1981) . This avoids many of the problems involved in 'reconstructing' the cochlea from serial sections (Guild 1921) . The number of hair cells counted by this method correlates closely with the figures produced by Bredberg (1968) in his light-microscopic surface study of the human cochlea. This technique can therefore be used to plot the distribution of sensory cell loss caused by ageing, drugs, disease or injury.
The higher magnification available also means that the stereocilia can be observed more closely, and abnormalities, such as the formation of giant stereocilia, studied in detail (Wright 1982) . The length of the stereocilia can be approximately measured directly from micrographs. Accurate measurements, however, require the production of stereopairs and a rigorous stereometric approach to remove errors caused by the stereocilia being tilted and therefore appearing shorter than they really are.
During preparation of the cochlea the stria vascularis is dissected, and this tissue can be saved and prepared for both scanning and transmission electron microscopy (Wright 1980) . This may be a useful method for investigating this structure, which is the site of action of some of the ototoxic drugs and dysfunction of which might be a cause of Meniere's disease.
SEM provides details of surface features, and although modifications of the basic technique -freeze fracture and elemental X-ray analysis, for example -can be expected to provide further information about the structure and function of the cochlea, transmission microscopy is essential to provide details of intracellular structures and of the relationships between the various cell types found in the cochlea.
